The genome sequence of the obligate chemolithoautotroph Hydrogenovibrio crunogenus paradoxically predicts a complete oxidative citric acid cycle (CAC). This prediction was tested by multiple approaches including whole cell carbon assimilation to verify obligate autotrophy, phylogenetic analysis of CAC enzyme sequences and enzyme assays. Hydrogenovibrio crunogenus did not assimilate any of the organic compounds provided (acetate, succinate, glucose, yeast extract, tryptone). Letters, 2017, Vol. 364, No. 14 Enzyme activities confirmed that its CAC is mostly uncoupled from the NADH pool. 2-Oxoglutarate:ferredoxin oxidoreductase activity is absent, though pyruvate:ferredoxin oxidoreductase is present, indicating that sequence-based predictions of substrate for this oxidoreductase were incorrect, and that H. crunogenus may have an incomplete CAC. Though the H. crunogenus CAC genes encode uncommon enzymes, the taxonomic distribution of their top matches suggests that they were not horizontally acquired. Comparison of H. crunogenus CAC genes to those present in other 'Proteobacteria' reveals that H. crunogenus and other obligate autotrophs lack the functional redundancy for the steps of the CAC typical for facultative autotrophs and heterotrophs, providing another possible mechanism for obligate autotrophy.
INTRODUCTION
Obligate reliance on single-carbon compounds as a sole source of carbon, i.e. autotrophy and methylotrophy, is an enigma (Wood, Aurikko and Kelly 2004) . Many facultative autotrophs and methylotrophs can rely entirely on exogenously supplied multicarbon compounds as their sole carbon source. Others can simultaneously use both single and multicarbon compounds. Relying entirely on single-carbon compounds is energetically expensive (Berg 2011; Mangiapia and Scott 2016 ), yet some autotrophs appear to be truly obligate, lacking any ability to assimilate multicarbon compounds under any tested circumstance.
The advantages of, and mechanisms underlying, obligate autotrophy have been difficult to elucidate. It was suggested that an incomplete citric acid cycle (CAC) lacking 2-oxoglutarate dehydrogenase activity (E.C. 1.2.4.2/2.3.1.61/1.8.1.4) as shown in 'Cyanobacteria' and obligately autotrophic sulfur-oxidizing Bacteria (Smith, London and Stanier 1967) would be the common mechanism. Indeed, complete genome sequences of obligate autotrophs often lack genes encoding this enzyme (e.g. Wood, Aurikko and Kelly 2004; Chistoserdova et al. 2007; Valdes et al. 2011) . The resulting wishbone-shaped CAC would benefit obligate autotrophs by preventing the unnecessary decarboxylation and oxidation of 2-oxoglutarate, whose synthesis is energetically expensive. However, genes encoding 2-oxoglutarate dehydrogenase occur in the genomes of many obligate autotrophs (Wood, Aurikko and Kelly 2004; Stein et al. 2010; Tamas et al. 2014) . Though 'Cyanobacteria' universally lack genes encoding this enzyme (Beck et al. 2012) , they do express alternative pathways linking 2-oxoglutarate to succinyl-CoA. In some 'Cyanobacteria', the GABA shunt provides this link, via the activities of glutamate decarboxylase (EC 4.1.1.15) and γ -aminobutyric acid aminotransferase (EC 2.6.1.19), while in others, the OGDC/SSADH bypass operates via the activities of 2-oxoglutarate decarboxylase (EC 4.1.1.71) and succinic semialdehyde dehydrogenase (EC 1.2.1.16, 1.2.1.24 (Zhang et al. 2016) . Thus, an incomplete CAC does not correlate with obligate autotrophy.
Genome sequence analysis of the deep-sea hydrothermal vent chemolithoautotroph Hydrogenovibrio crunogenus (Gammaproteobacteria, formerly Thiomicrospira crunogena; Boden et al. 2017) suggested that it too encodes a complete, oxidative CAC (Scott et al. 2006) . This mesophilic, microaerophilic sulfur oxidizer uses the Calvin-Benson-Bassham cycle (CBB) to fix CO 2 , and is one of the most rapidly growing autotrophs known (Jannasch et al. 1985) . It has been characterized as an obligate autotroph (Jannasch et al. 1985) , so the absence of genes encoding 2-oxoglutarate dehydrogenase was expected. However, genes encoding a 2-oxoacid:ferredoxin oxidoreductase are present, and based on sequence comparisons, it was predicted that this oxidoreductase acts on 2-oxoglutarate and could therefore close the CAC by replacing 2-oxoglutarate dehydrogenase (Scott et al. 2006) . Other peculiarities include the replacement of malate dehydrogenase (E.C. 1.1.3.7) by malate:quinone oxidoreductase (E.C. 1.1.5.4; Scott et al. 2006) .
Given that closely related Hydrogenovibrio thermophilus and Thiomicrospira pelophila can assimilate acetate (Kuenen and Veldkamp 1973; Takai et al. 2004) , and given the genomic prediction of a complete CAC in H. crunogenus, its ability to assimilate organic carbon and the presence of key enzyme activities were evaluated in parallel with a detailed phylogenetic analysis of genes encoding key CAC activities.
MATERIAL AND METHODS

Organic carbon assimilation by Hydrogenovibrio crunogenus
Glucose, acetate or succinate (1 mM) and a mixture of tryptone and yeast extract (0.5 and 0.25%, w/v, respectively) were each tested for their ability to enhance H. crunogenus biomass yields. Two independent experiments were conducted: one for glucose, acetate and succinate use, and the second for tryptone and yeast extract. For each carbon source, six flasks were prepared: all six contained artificial seawater medium, pH 8 (Dobrinski, Longo and Scott 2005) supplemented with sodium bicarbonate to 1 mM, and the organic carbon source; three of these were also supplemented with 40 mM sodium thiosulfate to test for mixotrophic growth. Culture flasks were embedded in soda lime and sealed in an acrylic box to minimize bicarbonate accumulation from atmospheric CO 2 . Cultures were agitated on a gyrotary platform at 20
• C. Once the cultures had reached stationary phase, cells were harvested via centrifugation (10 min, 10 000 × g, 4
• C) and frozen until use. Pellets were thawed in BPER II (Thermo Scientific, Waltham, MA, USA) and freezethawed until gelatinous. Protein assays were conducted on the extracts via RC DC Protein Assay (BioRad, Inc., Hercules, CA, USA) with bovine serum albumin as the standard. 14 C-incorporation was used as a second, more sensitive assay for organic carbon assimilation. Hydrogenovibrio crunogenus was grown at 20
• C in thiosulfate-supplemented artificial seawater in chemostats under dissolved inorganic carbon limitation (Dobrinski, Longo and Scott 2005) , with 5 mM acetate, succinate or glucose. Cells were harvested via centrifugation, and resuspended in thiosulfate-supplemented artificial seawater (OD 600 = 10). Escherichia coli BL-21 was grown at 37
• C in M9 medium (Sambrook and Russell 2001) supplemented with 0.1% w/v yeast extract, with 10 mM acetate, succinate or glucose. Once the cells reached early exponential phase (OD 600 = 0.1), they were harvested as described above for H. crunogenus and resuspended in M9 medium. Cell suspensions (0.5 ml) were added to growth medium (4.5 ml thiosulfate-supplemented artificial seawater or M9 medium as appropriate) supplemented with 1 mM carbon source + 10 μCi labeled acetate (1,2-14 C; 50 mCi/mmol), succi- 
Enzyme assays
Hydrogenovibrio crunogenus was grown in thiosulfatesupplemented artificial seawater medium in 5 L chemostats under ammonium limitation (Dobrinski, Longo and Scott 2005) . Escherichia coli BL-21 was grown in lysogeny broth (Sambrook and Russell 2001) . For citrate synthase assays, E. coli JW0324-1 was used, since it lacks methylcitrate synthase activity (EC 2.3.3.5; E. coli Genetic Stock Center at Yale University). In most cases, cells were harvested via centrifugation and stored at -80
• C. For oxoacid:ferredoxin oxidoreductase assays, enzyme assays were conducted immediately after cells were harvested. Cell extracts were prepared from frozen cell pellets by resuspending them in assay buffers supplemented with 0.1 mg/ml lysozyme, and sonicated (5 × 15 s on ice). For oxoacid: acceptor oxidoreductase assays, cells were resuspended in assay buffer supplemented with 0.1% w/v Triton X100 before sonication. Membrane fractions were prepared for the malate:quinone oxidoreductase assay by removing intact cells and large debris (6000 × g, 4
• C, 30 min). The resulting supernatant was then centrifuged to collect the membranes (75 000 × g, 4
• C, 1 h). The supernatant was removed, and the pelleted membrane fraction was resuspended in assay buffer, and washed twice (75 000 × g,
Enzyme activities were measured at 20
• C. Phosphoenolpyruvate carboxylase activity (EC 4.1.1.31) was measured radiometrically (Chang and Lane 1966 
Taxonomic distribution of top matches to Hydrogenovibrio crunogenus CAC genes
The taxonomic distribution of top matches to these genes was determined by analyzing the top 1000 homolog hits for H. crunogenus genes collected from the Integrated Microbial Genomes and Microbiomes system (Table S1 , Supporting Information; https://img.jgi.doe.gov/; (Markowitz et al. 2010) . Orthologs (best bidirectional BLASTP hits) were retained, and sorted by genus.
To minimize the impact of lineage oversampling at lower taxonomic levels (strains and species), the taxonomic affiliation of hits to each H. crunogenus gene was tallied by counting the number of genera represented per phylum.
Comparison of Hydrogenovibrio crunogenus CAC to other 'Proteobacteria' that fix CO 2 via the CBB
The influence of the CBB on CAC gene presence/absence was assessed by collecting members of 'Proteobacteria' whose complete genome sequences encode Pfam 00016 (ribulose bisphosphate carboxylase large chain, catalytic domain; RubisCO, EC 4.1.1.39). These genes were aligned and subjected to phylogenetic analysis to eliminate RubisCO-like proteins, which are not active in the CBB cycle, and to classify the remaining genes as cbbL (form I) or cbbM (form II) RubisCO (Tabita et al. 2008) . Within the Gammaproteobacteria, organisms carrying these genes fell within the orders Chromatiales and Thiotrichales. Members of these orders that did not carry cbbL or cbbM, whose genomes had been completely sequenced, were included in the analyses to determine whether membership in these orders, and not lifestyle per se, was a major factor in the presence of genes encoding CAC enzymes. Information on organism lifestyles was obtained from Garrity (2005) . The presence of genes encoding potential CAC enzymes was assessed based on membership in Tigrfams, Pfams and COGS (outlined in Table S2 , Supporting Information).
Five genomes representing the taxonomic breadth of those lacking genes encoding 2-oxoglutarate dehydrogenase were selected to determine whether alternative enzymes were encoded. To find genes encoding 2-oxoglutarate:ferredoxin oxidoreductase, genomes were BLAST-queried with genes Hp2017 0576, Hp2017 0577, Hp2017 0578 and Hp2017 0579, from Helicobacter pylori, encoding a biochemically characterized enzyme (Hughes et al. 1998) . KEGG maps for the CAC for these organisms were also examined for the presence of this enzyme. To identify genes encoding steps of the GABA shunt, genes from Synechocystis sp. PCC6803 (glutamate decarboxylase, sll1641; γ -aminobutyric acid aminotransferase, slr1022; Zhang et al. 2016) were used to BLAST query the target genomes. Glutamate decarboxylase genes were also uncovered by examining the KEGG map for alanine, aspartate and glutamate metabolism. To find genes encoding the OGDC/SSADH bypass, those from Synechococcus sp. PCC7002 were used as queries (SynPCC7002 A2770 and A2771, respectively; Zhang et al. 2016) . Homologous genes encoding oxoglutarate decarboxylase from Mycobacterium tuberculosis were also used (Tian et al. 2005) . The KEGG map for glyoxylate and dicarboxylate metabolism was used to determine whether the target organisms had the genes encoding the two key enzymes of the glyoxylate cycle (isocitrate lyase (4.1.3.1); malate synthase (2.3.3.9)).
Phylogenetic analyses
Phylogenetic analysis was undertaken for genes encoding 16S and 23S ribosomal RNAs to map the taxonomic distribution of CAC genes, and also for genes encoding citrate synthase. Ribosomal RNA genes were collected from IMG and aligned via SINA (Pruesse, Peplies and Glöckner 2012;  https://www.arb-silva.de/aligner/job/428296) and concatenated via FABOX (http://users-birc.au.dk/biopv/php/fabox/). Genes encoding citrate synthase were gathered from IMG from the top 1000 BLAST hits of the gene from H. crunogenus (Tcr 0350). To focus on organisms with well-characterized physiologies, citrate synthase genes from metagenomes were removed. Of the remaining genes, membership in PFam00285 (citrate synthase family) and TigrFam01800 (cit synth II) was verified. Genes encoding methylcitrate synthase were eliminated by examining gene neighborhoods as described above.
Citrate synthase alignments, and ribosomal RNA alignments, were refined via GBLOCKS stringent criteria (http://molevol.cmima.csic.es/castresana/Gblocks server.html; Talavera and Castresana 2007) . The MEGA 6.0 'Find Best-Fit Substitution Model' tool was used to select the best substitution model, by calculating Bayesian Information Criterion scores, and selecting the model with lowest scores (Tamura et al. 2013) . For the citrate synthase alignment, the substitution model of Le and Gascuel was found to be most suitable (Le and Gascuel 2008) , while the general time reversible substitution model (Nei and Kumar 2000) was found to be best for the 16S/23S alignment. For both, a gamma distribution with five rate categories was used, as was the assumption that some sites are invariable. Maximum-likelihood analysis (Felsenstein 1981) was implemented using MEGA 6.0, with 1000 bootstrap replicates. Positions containing gaps and missing data were eliminated.
RESULTS AND DISCUSSION
Organic carbon assimilation by Hydrogenovibrio crunogenus
Hydrogenovibrio crunogenus cultures did not grow in the absence of thiosulfate, and the addition of organic compounds did not result in increases in culture protein concentrations (Fig. 1 ).
14 C -labeled organic carbon was not measurably assimilated by H. crunogenus, though it was by Escherichia coli incubated in parallel (Fig. 1 ). These observations are consistent with an obligately chemolithoautotrophic lifestyle, as are the previous observations of a requirement for dissolved inorganic carbon for growth, and high activities of RubisCO in the presence and absence of organic carbon (Scott et al. 2006) .
Enzyme activities
Enzyme activities were mostly consistent with those previously predicted from the H. crunogenus genome sequence (Table 1 ; Scott et al. 2006) . Hydrogenovibrio crunogenus citrate synthase is insensitive to NADH, as well as ATP (Table 1) . Citrate synthase enzymes from other organisms are inhibited by ATP (Bond et al. 2005) or NADH (Maurus et al. 2003) . Inhibition by either would be detrimental to an organism using citrate synthase primarily to synthesize 2-oxoglutarate for biosynthesis, as an abundance of either NADH or ATP suggests that conditions are suitable for biosynthesis (Taylor 1970) . A lack of inhibition by either compound is similar to what has been observed for citrate synthases from other autotrophic Bacteria (see below). NAD + -dependent isocitrate dehydrogenase, 2-oxoglutarate dehydrogenase and malate dehydrogenase activity are all absent from cell extracts. By using alternative enzymes (NADP + -dependent isocitrate dehydrogenase and malate:quinone oxidoreductase), CAC activity in this organism is largely uncoupled from the NADH pool. This lack of interaction between NADH and the CAC is consistent with the cycle fulfilling a largely anabolic role for this organism, to provide carbon skeletons, and not to provide NADH for the electron transport chain. Pyruvate dehydrogenase was the only NADH-dependent CAC-related enzyme found to be active in H. crunogenus extracts and present in the genome. However, it too has an NADH-independent cognate, pyruvate:ferredoxin oxidoreduc- tase, whose activity was detected in H. crunogenus extracts (Table 1). The genes encoding this enzyme (Tcr 1709, 1710) had previously been hypothesized to act on 2-oxoglutarate (Scott et al. 2006) ; however, cell extracts had oxoacid:ferredoxin oxidoreductase activity against pyruvate, but not 2-oxoglutarate (Table 1) . The presence of this enzyme could provide an energetic advantage. Given that H. crunogenus uses the CBB for CO 2 fixation (Scott et al. 2006) , pyruvate decarboxylation is necessary to form the acetyl-CoA needed for the synthesis of fatty acids, glutamate and glutamine. If this decarboxylation were catalyzed by pyruvate:ferredoxin oxidoreductase instead of pyruvate dehydrogenase, the Rnf complex encoded in the H. crunogenus genome could couple the oxidation of ferredoxin and reduction of NAD + to a contribution to proton motive force and/or membrane potential (Biegel et al. 2011) . If pyruvate dehydrogenase were used instead, the electrons would be used to directly reduce NAD + , and the opportunity to use the Rnf complex for energy conservation would be lost. The reasons for the presence of activities of both pyruvate metabolizing enzymes in cell extracts remain to be elucidated. 
H ydrogenovibrio crunogenus CAC enzyme variants
A closer look at the forms of the enzymes catalyzing the steps of the H. crunogenus CAC reveals advantages and quandaries that they would present to an obligate chemolithoautotroph inhabiting hydrothermal vents. Hydrogenovibrio crunogenus has dimeric citrate synthase, less common than hexameric forms of this enzyme among 'Proteobacteria' (Maurus et al. 2003) . Dimeric citrate synthases from chemolithoautotrophs (Taylor 1970) and 'Cyanobacteria' (Taylor 1973 ) are insensitive to NADH, as are hexameric citrate synthases from some chemolithoautotrophs (Takahashi et al. 1992 ) and methylotrophs (Colby and Zatman 1975) . As described above, NADH insensitivity is an advantage when the enzyme's primary function is biosynthetic. Aconitase form B is present in H. crunogenus; given that aconitase B is more sensitive to oxygen than form A (Varghese, Tang and Imlay 2003) , its presence is consistent with H. crunogenus microaerophily. It might therefore be expected that H. crunogenus would also carry a class I fumarase, which is less robust to oxidative damage than class II fumarase (Tseng et al. 2001 (Jackson 1991) . The monomeric form of isocitrate dehydrogenase, which is found in H. crunogenus, is far less common than the dimeric form (reviewed in Yasutake et al. 2003) . Enzyme activity by the dimeric form is attenuated by phosphorylation, which is necessary when cells are growing on acetate or other fatty acids via the glyoxylate cycle, and isocitrate dehydrogenase is competing for substrate with isocitrate lyase. The monomeric form is not regulated via phosphorylation (Imabayashi et al. 2006) . Given the lack of genes encoding the glyoxylate cycle in H. crunogenus, an absence of post-translational control on isocitrate dehydrogenase activity may not present a selective disadvantage to this organism.
The H. crunogenus CAC from succinate to oxaloacetate is coupled to the quinone pool twice, at succinate dehydrogenase and malate:quinone oxidoreductase. It seems most likely that the 4-subunit succinate dehydrogenase encoded in the H. crunogenus genome functions to oxidize succinate, and not to reduce fumarate. Ubiquinone-8 is the only quinone present in H. crunogenus (Garrity 2005; Scott et al. 2006) , and its relatively high midpoint potential should make succinate oxidation more favorable than fumarate reduction, though it is important to note that the E. coli succinate dehydrogenase can be forced to oxidize ubiquinol (Cecchini et al. 2002) . The presence of a gene encoding malate:quinone oxidoreductase and the absence of malate dehydrogenase also suggest an oxidative direction for this portion of the cycle, since malate:quinone oxidoreductase is irreversible (Molenaar et al. 2000) .
The lack of 2-oxoglutarate dehydrogenase genes and 2-oxoglutarate:ferredoxin oxidoreductase activity in H. crunogenus and the absence of a genes encoding malic enzyme or malate Acidobacteria, 'Aquificae', 'Balneolaeota', Candidatus Dadabacteria, Candidatus Glassbacteria, Candidatus Schekmanbacteria, Candidatus Wallbacteria, 'Deinococcus-Thermus', 'Elusimicrobia', 'Fusobacteria', 'Gemmatimonadetes', 'Kryptonia', 'Nitrospirae', Planctomycetes, 'Spirochaetes', Thermotogae, 'Verrucomicrobia', Candidatus Microarchaeota and 'Thaumarchaeota'. dehydrogenase present a problem for succinyl-CoA synthesis. Hydrogenovibrio crunogenus does not require succinyl-CoA for porphyrin biosynthesis, as all of the genes for porphyrin biosynthesis from glutamyl-tRNA are present (Beale 1990 ); however, this intermediate is necessary for methionine and lysine synthesis. One possibility is that succinate dehydrogenase is forced in a reductive direction, and fumarate is supplied from purine and arginine biosynthesis (Mangiapia and Scott 2016 ). Another possibility is that H. crunogenus has alternatives to 2-oxoglutarate dehydrogenase, which could synthesize succinate from 2-oxoglutarate (see below).
Hydrogenovibrio crunogenus CAC enzymes appear to be derived from vertical descent, not horizontal transfer
Despite the peculiarities of the CAC in H. crunogenus, most of the genes encoding the enzymes responsible for its activity have top matches within the 'Proteobacteria' (Fig. 2) , suggesting that its peculiarities did not originate from horizontal gene transfer from other phyla. Citrate synthase differs from this pattern; most of the matches are present in genera from 'Cyanobacteria', 'Firmicutes' and 'Euryarchaeota' (Fig. 2) . However, phylogenetic analysis of the H. crunogenus gene places it in a clade among other members of Gammaproteobacteria, suggesting vertical transmission, and that the relative scarcity of matches in the 'Proteobacteria' reflects the dominance of hexameric citrate synthase in this phylum (Maurus et al. 2003) . Most of the members of 'Proteobacteria' carrying dimeric citrate synthase are capable of autotrophic or methylotrophic growth. This trend is also apparent in phyla 'Cyanobacteria', 'Crenarchaeota' and 'Thaumarchaeota' (Fig. 3) , suggesting that this form of citrate synthase provides an advantage for organisms using the CAC primarily for the generation of biosynthetic precursors. Perhaps citrate synthase from these other organisms is similarly insensitive to ATP and NADH.
The Hydrogenovibrio crunogenus CAC is unusual relative to other 'Proteobacteria' that fix CO 2 via the CBB.
Among the many members of 'Proteobacteria' that carry genes for form I and/or form II RubisCO, and therefore could potentially use the CBB as a partial or sole source of organic carbon for biosynthesis, the H. crunogenus CAC is anomalous. Dimeric citrate synthase is common only among obligate autotrophs (Figs 4-6) . Monomeric isocitrate dehydrogenase appears to be more prevalent among these obligate organisms, but it is also present among heterotrophic members of Thiotrichales; members of genera Francisella and Cycloclasticus also carry this form of the enzyme.
The absence of 2-oxoglutarate dehydrogenase is uncommon, though it too appears to correlate, albeit imperfectly, with obligate autotrophy. Its absence among members of class Acidithiobacillia and three clusters within the Gammaproteobacteria (Hydrogenovibrio/Thiomicrospira, Methylophaga, Halothiobacillus) appears to be an example of convergent evolution, given that these clusters are not monophyletic. Of the three alternatives for closing the CAC present in 'Cyanobacteria' (the GAD shunt, the OGDC/SSADH bypass and the glyoxylate cycle (Zhang et al. 2016) , only the OGDH/SSADH bypass was possible for H. crunogenus and Marinobacter nitratireducens, as they have genes encoding both steps of this bypass (Table 2) . Malate:quinone oxidoreductase is rare, and is present in other obligate autotrophs such as members of genera Methylophaga, Gallionella and 'Sideroxydans' (Figs 4-6) . It is puzzling that these organisms would benefit from locking this portion of the CAC in an oxidative direction. Perhaps this is an adaptation to ensure an adequate supply of oxaloacetate for biosynthesis.
An aspect of the CAC that H. crunogenus shares with many other obligate autotrophs is the relative lack of redundancy in the enzymes catalyzing its steps. Heterotrophs and facultative autotrophs frequently carry genes encoding multiple forms of aconitase, isocitrate dehydrogenase, succinate dehydrogenase/fumarate reductase, fumarase and occasionally citrate synthase (Figs 4-6 ). Obligately autotrophic members of Gammaproteobacteria sometimes have multiple genes for aconitase, but more generally, among Betaproteobacteria and Gammaproteobacteria, as well as the Acidithiobacillia¸the CAC is 'simpler' for these organisms (all of the organisms from the Alphaproteobacteria were facultative, or heterotrophic).
CAC enzyme redundancy in organisms capable of growing heterotrophically appears to be driven by the dual roles of this pathway as a source of biosynthetic intermediates, and as a means to use organic compounds as electron sources or sinks. In organisms with multiple genes encoding citrate synthase, aconitase, isocitrate dehydrogenase and fumarase, expression is tied to the nature of the organic carbon source provided for growth (e.g. glucose vs. acetate; Jin and Sonenshein 1994; Cunningham, Gruer and Guest 1997; Tseng et al. 2001; Wang, Brämer and Steinbüchel 2003) . In some cases, this reflects induction of the glyoxylate cycle. It can also reflect the need to maintain redox balance when more reduced (e.g. glucose) versus more oxidized 
